Objectives: To investigate a set of MDR conjugative plasmids found in Vibrio species and characterize the underlying evolution process.
Introduction
Plasmids play a pivotal role in bacterial adaptation to changing environments by conferring new phenotypic characteristics on the host organism, such as resistance to antimicrobials and heavy metals, as well as expression of virulence factors. [1] [2] [3] Acquisition of multiple resistance genes poses a significant health threat worldwide. 2 To track MDR plasmids and study the characteristics of organisms harbouring such plasmids, different plasmid typing methods based on PCR assays targeting the replicon or relaxase genes have been devised. 4 Abundant complete plasmid sequences have become available. Accordingly, novel plasmid families that were previously undetectable by conventional typing methods can now be identified.
Bacteria inhabiting aquatic environments are an important reservoir of antibiotic resistance genes. 5 Some plasmid-mediated quinolone resistance (PMQR) genes appear to originate from an aquatic environment and have spread to human pathogens. 6 Recently, a type of MDR plasmid, i.e. the pAQU type (namely pAQU1 and pAQU2), was identified in marine pathogens in Japan. 7, 8 Our laboratory has recovered a plasmid, pVPH1, that had a similar backbone to pAQU-type plasmids but contained different resistance genes. 9 Sequence analysis indicated that the backbone of pAQU-type plasmids was rare in the NCBI database, suggesting the necessity to investigate the origin of these plasmids. Although scattered data regarding the prevalence of resistance genes in aquatic environments are available, 10 there have been no systematic studies aimed at identifying and delineating the genetic characteristics of the typical MDR plasmids in aquatic organisms. In order to characterize resistance genes in Vibrio species systematically, we utilized a third-generation sequencing approach to obtain the complete plasmid sequences of six pAQU-type plasmids, followed by analyses using comparative genomics methods and delineation of the evolution route.
Materials and methods

Bacterial strains and characterization
A total of 154 Vibrio parahaemolyticus and 23 Vibrio alginolyticus isolates were obtained from different food samples during the period 2013-15 in Shenzhen, China. 11, 12 Primers specific for the traI gene of pAQU-type plasmids (traI-F, TCATGCCTGTAATTGGCCGT; traI-R, TTGCGGATGCTTTAGGCTGA) were used to screen different Vibrio isolates. Screening for ESBL genes was conducted with primers reported previously. 13 Information about the pAQU-type plasmids is presented in Table 1 . The ability of the complex class 1 integron to form a circular intermediate was tested by reverse PCR with outward primers as previously described. 9 Conjugation assay, S1-PFGE and hybridization
In order to determine the transferability of pAQU-type plasmids, conjugation experiments were performed by a filter-mating assay using azide-resistant Escherichia coli J53 as the recipient strain. Transconjugants were recovered from LB plates supplemented with 100 mg/L sodium azide and 4 mg/L ceftazidime. S1-PFGE and hybridization with the bla PER-1 probe was performed on both parental strains and transconjugants as previously described.
9,12
Plasmid sequencing
Plasmid sequencing was performed as previously described using Illumina and PacBio RS II platforms.
14 All plasmid sequences were submitted to the RAST tool for annotations and modified manually by BLAST. 15 BRIG software was used to compare plasmids. 16 The INTEGRALL database was used to annotate and designate class 1 integrons. 17 ResFinder was used to screen the resistance genes. 18 All complete plasmid sequences were submitted to the NCBI database with accession numbers listed in Table 1 .
Core genome and pan genome of plasmids
After obtaining the complete sequences of nine pAQU-type plasmids (six of them were sequenced in this study), their core genomes were analysed using bioinformatics tools. Prokka was used to annotate the plasmid sequences 19 and the gff files generated were analysed with the pan genome pipeline Roary. 20 The CLC Genomics Workbench was used to create a phylogenetic tree with UPGMA (Unweighted Pair Group Method using Arithmetic averages) and 100 bootstraps based on the multiple core gene alignment (concatenated core genes) file, which was the output file from Roary. Combining the formed tree file and the gene_presence_absence file, Roary plots were utilized to generate the plasmid phylogeny tree with a matrix describing the presence and absence of core and accessory genes.
Results and discussion
Epidemiology of pAQU-type plasmids
Complete sequences of four bla PER-1 -bearing pAQU-type conjugative plasmids and two bla PER-1 -negative pAQU-type conjugative plasmids were obtained and subjected to comparative analysis together with three published pAQU-type plasmids, i.e. pVPH1, pAQU1 and pAQU2. 9 Two mosaic regions were detected within these plasmids, one of which contained an MDR region encoding various resistance genes (Figure 1 ). ResFinder analysis indicated that the number of resistance genes within the MDR region ranged from 0 to 10 (Table S1 , available as Supplementary data at JAC Online). No resistance genes and ISs were found on pVPS91, suggesting that it may be the prototype of this type of plasmid. These MDR regions from the eight plasmids could be divided into two categories: the first type harboured the typical complex class 1 integron, and the second category harboured a Tn10-like structure ( Figure S1 ).
Structure of MDR plasmids
Among the nine pAQU-type plasmids analysed, typical MDR regions with different resistance genes were found to be conserved in the backbones of eight MDR plasmids from different species of bacteria, such as V. parahaemolyticus, V. alginolyticus and Photobacterium damselae. In this study, two typical complex class 1 integrons, which contained different class 1 integrons (In152 and In825, respectively), an ISCR1-bla PER-1 -gst-abct gene cluster and duplicated 3 0 -CS regions, were detected among the five bla PER-1 -bearing plasmids ( Figure S1 ). It has been reported that the complex class 1 integron in pVPH1 can generate a circular intermediate (ISCR1-bla PER-1 -gst-abct-qacE᭝1-sul1). 9 In this study, reverse PCR assays showed that all plasmids containing the ISCR1 could generate the circular intermediate structure (data not shown). This finding indicated that this circular form could be integrated into the classical class 1 integrons to form new complex class 1 integrons. According to the plasmid alignment result, pVAS114 and pVPS43 exhibited a high degree of sequence homology ( Figure S1 ). The structures of the MDR regions in these two plasmids were nearly identical, except that the ISCR2-tet(D)-tetR fragment was found to have integrated into the existing ISCR2 element in pVAS114, forming the structure ISCR2-tet(D)-tetR-ISCR2, whereas only one copy of ISCR2 was found in pVPS43. Owing to the absence of complex class 1 integrons, another three plasmids were grouped together ( Figure S1 ). Plasmids pAQU1 and Li et al.
pAQU2, found in Japan, are known to contain different resistance genes, both of which do not have class 1 integrons and ISCR1-bla PER-1 .
Another mosaic region was present upstream of the type I restriction-modification system, and this region was found to exist in all pAQU plasmids (Figure 1 ). Three qnrVC6-positive Figure 1 . Circular maps depicting the plasticity of pAQU-type plasmids. The plasmid pVPS43 with the largest number of resistance genes (n " 10) was used as the reference to compare with eight other plasmids. The outer circle depicted by red arrows represents annotations of pVPS43. With two mosaic regions (MDR region and mosaic region 2) inserted, the plasmids can be divided into four parts, among which two core plasmid genome regions are responsible for plasmid conjugation and maintenance. In the MDR region, complex class 1 integrons with bla PER-1 exist in five plasmids. Linear alignment of the eight MDR pAQU-type plasmids is shown in Figure S1 . This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
Evolution of MDR plasmids in Vibrio species
JAC plasmids were identified out of the nine pAQU-type plasmids. Sequences harbouring qnrVC6 from the NCBI database were aligned ( Figure S2 ). Apart from class 1 integron-mediated qnrVC6, qnrVC6 can also be mobilized and integrated into different loci of plasmids, together with its attC site.
Characterization of core genome and pan genome of plasmids
After annotation with Prokka and analysis with Roary, there were 511 unique genes identifiable from 1916 predicted genes in the nine plasmids. One hundred and eleven genes were found to be shared by all the plasmids as core genes. Another 400 accessory genes were shared by fewer than nine plasmids. The core genes comprised plasmid maintenance genes, while the accessory genes were composed of resistance genes, ISs, toxin-antitoxin systems and hypothetical genes of unknown functions.
Through alignment of the 111 core genes, a phylogenic tree was constructed ( Figure S3a ). The evolutionary tree indicated that two major clusters were generated, which matched the emergence of resistance genes among the plasmids. Plasmid pVPS91, without resistance genes and ISs, was distinguished from the other eight MDR plasmids. The clusters generated by distribution of resistance genes ( Figure S4 ) and by homology of shared core genes ( Figure S3) were not strictly matched. This implied that the evolution of the plasmids is the result of evolution of the core genes and accessory genes, respectively.
Bacterial strains carrying these pAQU-type plasmids are mainly of aquatic bacteria. Upon increasing exposure to antimicrobials, this type of conjugative plasmid is expected to be transmissible between different bacteria, and possess the ability to acquire diverse resistance genes with the help of mobile elements. According to the analysis of MDR regions of different plasmids ( Figure S1 ), IS26, ISCR1, ISCR2, IS10 and IS6100 were the most important mobile elements in shaping the plasticity of pAQU plasmids. Furthermore, this plasmid category could be conjugated from the donor aquatic strains to E. coli strains, which raised the concern that the resistance genes can be transmitted from the aquatic ecosystem to clinical pathogens via pAQU-type conjugative plasmids.
In conclusion, we conducted a systematic study on the conjugative pAQU-type plasmids. These plasmids represent newly emerged MDR plasmids, which may be transmissible to human pathogens through the food chain. The different types of resistance genes distributed among pAQU plasmids prompted us to hypothesize that abuse or overuse of antimicrobials in aquaculture may continue to select for organisms harbouring pAQU plasmids, and introduction of new resistance genes into such plasmids with the help of mobile elements is a common event.
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